Abstract: After harvest, fruit and vegetables produced in plant factories need to be stored under refrigerated conditions. There has been an interest in the use of mathematical models for optimising the operation, design and control of postharvest refrigeration systems. These mathematical models are applied to predict the physical and chemical phenomena that take place during postharvest handling of horticultural products. Nowadays, with the availability of more powerful computers at a reasonable price, it is feasible to investigate the details of the flow behaviour in large-scale refrigeration systems at a very small spatial and temporal scale. In this presentation an overview will be given of advances in the application of mathematical models for predicting and optimising fluid flow, heat and mass transfer and associated phenomena during postharvest refrigeration of horticultural products. Special attention will be paid to the multiscale formalism to describe heat and mass transfer phenomena over a wide range of spatial scales.
INTRODUCTION
Refrigerated storage systems are mostly used to preserve quality of horticultural products by minimizing respiratory heat generation, retarding the ripening process, and preventing moisture loss and microbial spoilage (Verboven et al., 2006; Becker et al., 1996) . Different methods of cooling are available, these include: room cooling, forced-air cooling, vacuum cooling, hydro cooling and package icing. Due to its flexibility, efficiency and low cost, forced-air cooling is the most commonly used method (Allais and Alvarez, 2001 ). Forced-air systems commonly consist of a cooling unit assembly with cooling coils in which the refrigerant is circulated and a fan that forces cooling air over the coils and on to the stacked product. The cooling units can be a direct one where the refrigerant evaporation takes place in the cold room or an indirect one where a secondary fluid cools the air.
Horticultural products can be handled either in large bulks or placed inside larger or smaller containers or packages. These containers or packages usually have vents that allow for flow of the cooling air to the produce. The cooling efficiency depends on the flow resistance that is induced by the container and the product. Non-homogeneous flow of the cooling air inside the stack may cause uneven cooling and product quality Alvarez and Flick, 1999; 2007) . Generally the transport phenomena (airflow, heat and mass transfer) during cooling of horticultural products are complex; mathematical models are recommended to better understand and design refrigerated storage systems.
Mathematical models are being extensively used in many areas to analyse or improve an existing process and design, and to develop new designs. Modelling techniques are gaining interest as an alternative to expensive and difficult experiments because computers continuously become more powerful and less expensive software is readily available, and once a model is validated it is a versatile tool to evaluate the effects of the operating an design parameters involved. In the agro-food area, mathematical models are being used to optimize and develop equipment and operational strategies, and their use has grown exponentially over the last decade (Delele et al., 2010) . Different modelling approaches have been proposed for predicting fluid flow, heat and mass transfer during cooling, storage, transportation and display of horticultural products. Three categories can be distinguished. A first approach is computational fluid dynamics (CFD) where the appropriate geometry is discretised and the governing partial differential equations (Navier-Stokes equations) for conservation of mass, momentum and energy are solved (Verboven et al., 2006; Allais and Alvarez, 2001 ) on a discrete mesh on the geometry and using a numerical method such as the finite volume method or the finite element method. A second approach is the zonal method where the system is assumed to be a set of well mixed zones of homogeneous composition (Tanner et al., 2002) , and where simplified ordinary differential equations are used to describe mass and energy exchanges between zones. Finally, the third approach uses a relatively new class of computational techniques, namely the lattice Boltzmann method (LBM). In this model, instead of solving the macroscopic Navier-Stokes equations a certain volume of fluid is represented by a collection of fictive particles; during motion particles can collide on a regular lattice obeying the fundamental conservation laws (Van der Sman, 1999) . LBM uses simplified kinetic models that incorporate the essential physics of microscopic processes so that the macroscopic averaged properties obey the desired macroscopic equations. Though it is a powerful technique to study complex flows, computationally LBM is very demanding. For modelling the refrigeration process of horticultural products, due to its low computational power requirement and reasonable accuracy of the models, the traditional CFD approach is the primary methodology of choice (Smale et al., 2006) .
In this contribution we will review some applications of CFD in the area of postharvest technology.
CFD MODEL OF A COLD STORE WITH PRODUCE
One of the main aims in designing storage enclosures is to ensure a uniform targeted temperature and humidity in the stored bulk products. Both the intricate transport mechanics and the complex geometry of a fully loaded cold store makes it a difficult, tedious and time consuming task to carry out experimental investigation to find the hot spot position and improve the design as well as the management of the cold store. A model-based approach can prove to be advantageous for design purposes with small added cost. With the increasing availability and power of computers together with efficient solution algorithms and processing facilities, the technique of CFD can be used to solve the governing fluid flow equations numerically. Hoang et al. (2003) and Nahor et al. (2005) established a simplified model based on the Reynolds averaged Navier Stokes (RANS) approach for 2-phase momentum, heat and mass transfer in an empty as well as loaded cold store with pear fruit to predict turbulent airflow around bins, air and fruit temperature as well as weight loss. The k- model was used for modelling turbulent flow. Inside the bins, the model was solved for the superficial air velocity. In the momentum equations, the body force incorporated the resistance of the pears as well as that of the bin. The energy conservation equation incorporated the convection heat transfer from the product phase to the air phase due to the temperature difference, the heat of respiration and the heat loss/generation due to evaporation/condensation of the water at the surface of the produce. It was assumed that the moisture in the air is transferred by convection and diffusion, neglecting mass transfer inside the product. Moisture evaporation from the product was calculated using a lumped model, neglecting the moisture diffusion inside product and assuming a constantly saturated product surface. The fan and the tube heat exchanger were modelled as a distributed resistance and body force. The model equations were solved using the CFX 4.4 commercial CFD environment (www.ansys.com) and validated by means of experimental data from a pilot cool/cold room (Fig. 1) . The 3D geometry was covered by a body-fitted structured grid with 1,022,856 volumes. A typical flow profile inside the cool store is shown in Fig. 2 .
An error of about 20% for velocity magnitude prediction for both the empty and loaded cold store was achieved. The model was capable of predicting the cooling rate of the air as well as the product. Discrepancies of the temperature prediction were mainly due to local under-prediction of the air velocity caused by k- turbulence model. The discrepancy of the product temperature prediction was due to the assumption of a uniform initial temperature distribution inside bins. An error of 0.2% on the product weight loss after 38 days of cooling and storage was predicted. The model showed a rather good trend of the cooling rate and weight loss rate of the product and proved to be useful to be used to study the effects of different parameters in industrial cool/cold stores. 
CFD MODELLING OF HUMIDIFICATION SYSTEMS
Belgian endive or chirory is a leafy vegetable that looks like a thin cylinder of tight, pale yellow leaves. It is cultivated by forcing a second growth from the cut roots of chicory plants. Chicory roots are very susceptible to dehydration; this dehydration leads to lower yield and quality, higher percentage nonsprouting roots and longer forcing period (Delele et al., 2009b) . For long storage (for about 9 months), chicory roots are usually stored at -2°C to -1°C with a RH of 95-100%. In order to achieve the required RH humidifiers are usually installed. The requirements for the humidification system are to produce a high RH with maximum droplet evaporation, minimum deposition of sprayed water droplet on the product and room surfaces, and minimum frost/condensation on the air cooling coils. However, fulfilling these requirements is very challenging; water droplets may be deposited on the produce and freeze, and eventually ice may accumulate on the stack of bins with chicory roots. This accumulated ice can affect the cooling efficiency of the room by blocking the circulation of the cooling air. Such adverse effects can be minimized by optimizing the design and operation of the humidification system. Delele et al. (2009b) introduced a multiscale CFD model to study a high pressure nozzle cold storage humidification system. At the smallest scale, the flow through stacked products in boxes was predicted using a direct DE-CFD model (Delele et al., 2009a) ; from this the anisotropic pressure loss coefficients were determined. At a larger scale, a loaded cool room model predicted the airflow, temperature, humidity and fate of the fogged water droplets. To track the path and evaporation of the fogged droplets a Lagrangian particle tracking multiphase flow model was used. The loaded product was treated as a porous medium taking into account the information from lowest scale. Some typical simulations results of the air velocity vectors and tracks of sprayed droplets injected from six humidifying nozzles in a loaded chicory root cold storage room are shown in Fig. 3 . Using the model it was possible to quantify the amount of droplets that were completely evaporated and the amount of non evaporated droplets that were deposited on the product and other room surfaces. The amount of deposition was affect by humidifying nozzles position and direction. The agreement between measured and predicted results was good. Later, the authors applied the above model to evaluate a humidification system of chicory root cold storage room. The efficiency of the humidification system was affected by length of cold air deflector, stack height, number of nozzles and duration of humidification.
PACKAGING DESIGN
Package design is a prime concern for efficient cooling and proper cool storage. Larger vent area increase the cooling efficiency, but the strength of the package should be taken into account. Vingeault and Goyette (2002) studied the pressure loss through vented plastic boxes and a vent hole ratio of 25-27% was recommended. Different modelling approaches were used for packages. For predicting the airflow resistance through spherical products stacked in vented horticultural packages, van der Sman (1999) developed an equation that expressed the total pressure drop as sum of the pressure drop of the bulk and the package. The pressure drop of the package was expressed as a function of the package vent hole ratio. However, the pressure drop can also be affected by other factors other than the vent hole ratio, the general use of a single formula may be questionable (Verboven et al., 2006) . Later, Smale (2006) developed an analytical equation of the pressure drop that includes the entrance, internal, exit and product space losses, based on experimental trials. To study the flow through the bulk and loaded vented box, Delele et al. (2008) developed a combined discrete element (DE)-CFD model. In this model, the DE method was used to generate a random stack of discrete spheres and the CFD was applied to study explicitly the airflow through the bulk and loaded vented box. The result showed the inhomogeneous flow distribution inside the stack. The model was used to study the effects of confinement ratio, flow direction, stacking pattern, product size, porosity, vent hole ratio and randomness of the filling. For flow through a vented box with products, a linear addition of the individual pressure drops of the flow through the box and the bulk by considering as series of resistances was shown to seriously underestimates the real pressure drop. For direct modelling forced air cooling of packed strawberry, Ferrua and Singh (2009) incorporated into CFD simulations the 3D shape of the strawberry that was generated by combining digital images of its slices. The airflow distribution was validated by using PIV. Measurements were done using transport spheres that had the same equivalent diameter to the strawberry. The geometric proportions, porosity, headspace dimension and venting design of the package were reproduced. In this model, the randomness of packed strawberries was not taken into consideration; however, it was reported that it has an effect on cooling air velocity distribution inside the stack but not on the pressure drop (Delele et al., 2008) .
CONCLUSIONS
This paper discussed different approaches for mathematical modelling of postharvest refrigeration processes; in particular, more attention was given to CFD studies that have been used for system design. In most cases the product in consideration was treated as a porous medium and the flow turbulence is solved using two equation turbulence models. With the availability of affordable computer power, more focus should be given to the direct numerical simulation approach. With this method, it possible to get more information about the local flow behaviour and investigate the effects of product geometrical properties, aerodynamic box design and stacking pattern. This direct numerical simulation also can be used to identify turbulence models that could improve the accuracy of porous medium approach. For large scale problems that are difficult to do by a single direct simulation, the use of a multiscale approach could give better information and can be used to develop more accurate porous medium models. Multiscale modelling consists of a range of models at different spatial scales that are linked in such a way that the result of the one scale can be used as input for the model at the other scale. An example is a multiscale model that uses a detailed model of the package on the small scale and a complete room model on the large scale. The small scale model is used to determine the thermodynamic parameters of the product stack that inputs into the large scale model. Such model could be extended with models at even smaller scales (e.g. of individual fruits) or at larger scales (e.g., a complete cooling plant). It is to be expected that more detailed models that take into account also physiological changes in the fruit during storage will be developed in the near future. Such models may be used to improve the design of cool stores but may also be used develop novel control algorithms to optimise the posthaverst storage of fruit and vegetables. 
